Summary: A mixed mesencephalic cell culture damaged by glutamate was used as a model to study the efflux of lactate dehydrogenase and neuron-specific enolase from neuronal cells into the culture medium. Glutamate toxicity was induced in sister cultures by 15 min exposure to 100 μτηοΐ/ΐ glutamate in a Ca 2 * containing salt solution. Cell injury was monitored 24 h later by measuring the lactate dehydrogenase activity and the neuron-specific enolase content in the cells and in the culture medium.
T A _ ^ crine origin (2, 3) . Furthermore, neuron-specific enolase Introduction . , , , r , ,.î s also used as a marker of neuronal differentiation Determinations of lactate dehydrogenase 2 ) and neuron- (4, 5 (ii) The number of damaged neurons may be estimated by counting the neuron-specific enolase immunoreactive cells before and after the cell injury (11).
(iii) Due to the closed character of the cell culture system, it is possible to estimate the distribution of the enzymes between the extra-and intra-cellular space and to calculate the recovery rate, i. e. the amount of enzyme released from the damaged cells and appearing in the medium.
The purpose of this investigation was to experimentally determine the value of neuron-specific enolase, a neuron-specific cytoplasmic enzyme and of lactate dehydrogenase, a ubiquitous cytoplasmic enzyme, for the quantitation of neuronal cell damage.
Materials and Methods
Pregnant Wistar rats were obtained from the Bundesgesundheitsamt (Berlin). Foetal calf serum, DMEM/Ham's F12 nutrient mixture and trypsin/EDTA mixture were purchased from Gibco Laboratories (Life Technologies GmBH, Eggenstein, Germany), glutamine, human transferrin, putrescine, insulin, poly-L-lysine (Μ τ 70 000-150 000), glutamic acid and Z)Z,-2-amino-5-phosphonovalerate were from Sigma (Deisenhofen, Germany), 48-well cluster plates were from Costar Tecnomara (Bodenheim, Germany); neuron-specific enolase test kits were obtained from BYK-Sangtec Diagnostica (Germany) and lactate dehydrogenase test kits from Boehringer (Mannheim, Germany).
Preparation of the cultures
Ventral mesencephalic regions prepared from foetuses on the 14th gestational day under the stereomicroscope were collected into glucose-supplemented phosphate-buffered saline (concentrations in mmol/1: NaCl 116, Na 2 HPO 4 27.2, KH 2 PO 4 6.1, glucose 11, pH = 7.2). After mild trypsinisation (15 min at 37 °C in 0.5 g/1 trypsin and 0.2 g/l EDTA dissolved in glucose-supplemented phosphatebuffered saline) the tissue fragments were washed twice with glucose-supplemented phosphate-buffered saline supplemented with foetal calf serum, volume fraction 0.05 and subjected to repeated pipetting in the cultural medium, which consisted of DMEM/ Ham's F12 nutrient mixture, volume fraction 0.9 and foetal calf serum, volume fraction 0.1. This cultural medium was supplemented with 2 mmol/1 glutamine, 1.25 μηιοΐ/ΐ transferrin, 60 umol/1 putrescine, 10 5 U/l penicillin, 100 mg/1 streptomycin, 5 mmol/1 HEPES and 3 g/1 glucose. The cell suspension was centrifuged for 10 min at 20 °C and 180 g (/-av = 13.2 cm) and the cells were resuspended in the required volume of the medium to achieve a final cell concentration of 10 9 /1. The suspension was then applied to poly-L-lysine coated 48-well cluster plates at a plating density of 250000 cells/well (= 1 cm 2 ) in 250 μΐ of medium. Cytosine arabinoside (10 μg) was added to all the cultures on the 6th day in vitro to inhibit proliferation of non-neuronal cells. No further medium change was performed. Cells were grown in media containing 4.2 mmol/1 K + and 24.2 mmol/1 K+.
Treatment with glutamate
Culture medium was removed from culture wells by aspiration and the monolayers were washed once with Ca 2 +-containing saline of the following composition (in mmol/1): NaCl 137, KC1 3.6 NaHC0 3 12, CaCl 2 2.3, MgCl 2 1.0, Glucose 11, pH 7.5-7.6. Glutamate toxicity was induced in sister cultures by 15 min exposure of the cultures to 100 μπιοΐ/ΐ glutamate in the same solution. Thereafter the cultures were washed once with Ca 2+ -containing saline and the medium was returned. After 24 h the medium and the cells were collected for neuron-specific enolase and lactate dehydrogenase determination. The cells were scraped off into 250 μΐ buffered saline glucose-solution and homogenised using a Potter homogeniser. Protein, lactate dehydrogenase and neuron-specific enolase were determined in the homogenate.
Immunostaining
Identification of neuron-specific enolase immunoreactive cells was carried out by universal LSAB-Kit, No. Κ 680, (Dako Diagnostika GmbH, Hamburg, Germany) using a rabbit anti-human neuron-specific enolase antibody (Dako). The number of neuron-specific enolase immunoreactive cells were counted in 9 visual fields per well.
Determination of protein and neuron-specific enoiase and lactate dehydrogenase Neuronal cell injury was quantified by measuring the enzymes and protein in cells and the enzymes in the supernatant. The neuronspecific enolase was determined by the immunoluminometric assay (BYK SANGTEC DIAGNOSTICA, Dietzenbach, Germany) and lactate dehydrogenase was measured using a continuous enzyme assay (Boehringer, Mannheim, Hitachi 747). The concentrations of protein were estimated according to Lowry et al. (12) 
Results
Developmental changes of protein, lactate dehydrogenase and neuron-specific enolase in the mesencephalic cell culture Figure 1 shows the developmental changes in protein content, lactate dehydrogenase activity and neuron-spe- cific enolase level in the cell monolayer. The protein content and the lactate dehydrogenase activity remain relatively constant up to the 14th day in vitro. In contrast, there is a continuous increase in the neuron-specific enolase content from the 3rd to the 13th day in vitro as expression of the differentiation and maturation of cells. Since cells grown in the medium containing 4.2 mmol/1 K + or 24.2 mmol/1 K"*" did not show any differences, the data were combined.
Efflux of protein, lactate dehydrogenase and neuron-specific enolase from damaged neurons
The efflux of lactate dehydrogenase and neuron-specific enolase from mesencephalic cells induced by glutamate was analysed separately by analysis of the cells, and by analysis of the medium. In the cells the damage is reflected by a decrease of protein, neuron-specific enolase and lactate dehydrogenase. The efflux fractions of lactate dehydrogenase and neuron-specific enolase correlate with the efflux fraction of protein (data not shown). The efflux of lactate dehydrogenase and neuron-specific enolase in the medium is reflected by a significant increase in the level of lactate dehydrogenase catalytic activity concentration and neuron-specific enolase mass concentration beyond the 8th day in vitro (fig. 2) . Cultures grown ia a medium containing 24. It is interesting to note that the neuron-specific enolase efflux estimated from the cells is clearly higher than the efflux calculated from the media. This observation suggested differences in the recovery of the enzymes released from the cells and appearing in the medium. Calculation of the recovery showed lower values for neuron-specific enolase (32.7 ± 35.1%) than for lactate dehydrogenase (68.1 ±32.4%), (p < 0.0001). It was concluded that there is a loss of neuron-specific enolase either during handling of the cells during washing and incubation, or by degradation in the culture during the 24 h period following glutamate exposure. Calculations of the neuron-specific enolase/lactate dehydrogenase ratio of the control cells, the glutamate-treated cells, and in the medium supported this assumption. Selective neuronal cell death would lead to a lower neuron-specific enolase/lactate dehydrogenase ratio in damaged cells and a higher ratio in the released cell contents. In fact, a lower ratio was found in glutamate-treated cells, but an unchanged or decreased neuron-specific enolase/ lactate dehydrogenase ratio was found in the medium (data not shown).
Experiments designed to study the efflux of neuron-specific enolase and lactate dehydrogenase during incubation and washing showed that the release of neuron-spe- Fig . 2 Changes of lactate dehydrogenase catalytic activity concentration (a) and neuron-specific enolase mass concentration (b) in the medium in control and glutamate-treated cell culture. Cells grown in medium containing 4.2 mmol/1 K + (D) and 24.2 mmol/1 Κ* (Δ) were exposed to 100 μηιοΐ/ΐ glutamate for 15 min. Twentyfour hours later the level of both quantities was determined. The wash and incubation solutions were discarded. Data of control cells (^) were combined (no difference). Differences between control and glutamate experiments significant at p < 0.05 on day 6 (neuron-specific enolase), day 8 (neuronspecific enolase) and day 13 (neuron-specific enolase and lactate dehydrogenase); n = 6 (day 6 and 13), n = 4 (day 8).
cific enolase is clearly greater than that of lactate dehydrogenase (tab. 1).
Correlations between the number of damaged neuron-specific enolase immunoreactive cells and the neuron-specific enolase and lactate dehydrogenase efflux Neurons were stained with anti-neuron-specific enolase and counted in some experiments in order to verify the quantitative relations between the neuronal damage induced by glutamate and the efflux fraction of lactate dehydrogenase and neuron-specific enolase of the cell culture. There is a close correlation between the glutamate-induced changes in the neuron-specific enolase immunoreactive cell counts and cell injury calculated on the basis of the neuron-specific enolase efflux-fraction (cells, fig. 3 ). The observed data show that the lactate dehydrogenase efflux-fraction (cells) remained undetectable, despite changes in the number of neuron-specific enolase immunoreactive cells of up to 20%.
Discussion
The mesencephalic cell culture model of glutamate toxicity appears to be useful for comparing diagnostic value of neuron-specific enolase (a neuron-specific enzyme) and lactate dehydrogenase (a ubiquitous enzyme) as indicators of neuronal cell damage. Our present results agree with data from the literature concerning general criteria of a mesencephalic cell culture, such as cell number, morphology, development of the cells (5) . The culture used is a mixed culture containing neurons and glial cells. In parallel experiments 40.1% of cells were identified as neuronal cells on the llth day in vitro using the method of neuron-specific enolase immunostaining (8) . The continuous increase in neuron-specific enolase concentration in the cells during development reflects the neuronal differentiation and maturation (fig. 1) ; the increase in neuron-specific enolase and lactate .dehydrogenase in the medium of control cultures may indicate spontaneous neuronal death of cells during development ( fig. 2 ).
The mechanism of glutamate-induced cell damage is well known. Glutamate acts as an excitotoxin, inducing the influx of Ca 2+ which triggers damage leading to the efflux of lactate dehydrogenase and neuron^specific enolase (10, 13 most probably a reflection of the higher vulnerability of mature cells to glutamate, due to the expression of NmethyKD-aspartate receptors (8) .
The efflux of cytoplasmic proteins from damaged cells depends in general on factors like molecular properties of the protein, intracellular localisation, the type of cell lesion and alterations of the cytoskeleton of the cell membrane (14) . In spite of the similarities of lactate dehydrogenase and neuron-specific enolase with respect to molecular mass and their assumed intracellular localisation, there are obvious differences in the kinetics of their release. This assumption results from (i) calculations of the recovery,
(ii) calculations of the neuron-specific enolase/lactate dehydrogenase ratio in damaged cells, control cells, and of the released cell contents, (iii) the washing and incubation experiments shown in table 1, and (iv) failure to detect neuron-specific enolase release despite neuronal damage of up to 20% ( fig. 3 ).
Differences in the stability of the released lactate dehydrogenase and neuron*specific enolase in the culture medium during 24 h at 37 °C were not found. These data lead to the assumption that neuron-specific enolase is released with a higher rate than lactate dehydrogenase during treatment of the cells. A higher release rate of neuron-specific enolase in relation to lactate dehydrogenase has also been reported from thrombocytes during blood coagulation (15) . The release of neuron-specific enolase by cell handling or mild injuries to the cells might be explained by a different intracellular localisation of neuron-specific enolase and lactate dehydrogenase within the neurons, the relationship of neuron-specific enolase to the synaptic plasma membranes (16), or the relationship of neuron-specific enolase to the cytoskeleton (17) .
Conclusions
The following considerations and conclusions may be drawn from the results obtained in this study, concerning the quantitation of neuronal cell death based on the determination of lactate dehydrogenase and neuron-specific enolase in the cells and in the medium.
(i) The neuron-specific enolase efflux fraction, calculated from measurements performed on the cells, correlates highly significantly with the number of damaged neuronal cells. The relationship between the lactate dehydrogenase efflux fraction and damaged neuron-specific enolase-immunoreactive cells could also be de-scribed by a linear regression model with p < 0.01, but from the experimental data of figure 3 , it is obvious that there is no detectable lactate dehydrogenase efflux when the damage to neuronal cells is low. This finding could be interpreted as a lower sensitivity of lactate dehydrogenase to neuronal cell damage. Theoretical considerations show that the neuron-specific enolase efflux fraction depends on the neuronal damage only, but that the lactate dehydrogenase eiflux fraction depends in addition on the relative proportions of neuronal and nonneuronal cells. With 40% neuronal cells and neuronal damage of 10%, the lactate dehydrogenase efflux fraction would be 4%, i. e. within the methodical error of analytical determinations of the efflux fractions.
(ii) Estimations of the efflux fractions of the enzymes calculated from determinations in the culture medium depend strongly on the recovery of those enzymes, and cannot used directly for the quantitative evaluation of cell damage in a cell culture. Therefore a calibration curve is necessary (18) . Our data show that lactate dehydrogenase and neuron-specific enolase are released during washing. This loss is clearly higher for neuron-specific enolase than for lactate dehydfogenase and explains the differences in the regression coefficients for the neuron-specific enolase and lactate dehydrogenase efflux fractions calculated from the determinations performed on the cells and the neuron-specific enolase or lactate dehydrogenase efflux fraction calculated from the medium. The present data support the conclusion of Juurlink & Hertz (19) that caution must be used when using the lactate dehydrogenase technique for quantitation of neuronal cell damage.
